ABSTRACT Building reconstruction is a very important application in SAR tomography in urban areas. Most of the current reconstruction methods are the combinations of the edge-based method and region growing method. Due to the lack of resolutions in the elevation direction, these current methods fail to detect buildings with low height. In this paper, a multiple-bounce model is proposed to analyze the feature of buildings. A reconstruction algorithm is then proposed to incorporate these extra features. Comparisons with other methods are maded in this paper to show the effectiveness and the advantages of our method.
I. INTRODUCTION
Automatic detection and reconstruction of buildings have been active research areas in recent years. Several methods are developed using SAR imagery for the detection and reconstruction of man-made structures specially buildings [1] - [6] . Due to the fact that only single channel data is available, these image based approaches only perform well for single isolated buildings but fail in densely packed building areas. Other methods for extracting buildings in urban area use interferometric data by local approximation of best fitting planes in the region of interest. Despite of multiple outgoing methods for extracting buildings in urban areas, there are still several challenges because of the specific characteristics with SAR images. SAR tomography adds more information for the target which will for sure improve the extraction of buildings.
SAR tomograghy acquiring datas of the target from different view angles enables us to reconstruct the reflectivity distributions of the scene along the elevation direction. Given a certain detection strategy, point clouds of the target can be generated. Many point clouds based segmentation methods most of which coming from LIDAR can be transfered to the Tomo-SAR based point clouds. 3-D information of the point clouds for reconstructions of buildings is more effective compared with image based method.
The associate editor coordinating the review of this article and approving it for publication was Li He.
Mainly, there are two categories of point clouds segmentation [7] , [9] . Thes first applies region growing technology [7] , [8] . These method start with a selected seed and then compare its feature in its neighborhood. The other one is edge-based methods [9] . These methods determine the edges in the data set and the regions are thus be separated according to the edge. Methods for the reconstructions of the point clouds generated by Tomo-SAR are often the combination of these two categories [10] - [13] .
Due to the lack of data in the elevation direction compared with the range direction and the azimuth direction, applying point clouds segmentation methods mentioned above directly will diffuse the error in the elevation direction to the other two directions. Prior knowledge of general buildings should be incorporated with geometric constraints for the reconstruction to solve this issue. Facades of a building are often assumed to be vertical. There are several methods for automatic extraction of buildings based on the multi-channel data [10] - [13] . Facade extraction is the important procedure in these methods. References [10] - [12] propose a method for the automatic extraction in the point clouds generated by Tomo-SAR in the repeat-pass mode. First of all, all points are projected onto the ground to locate to facade shape of the buildings by selecting a proper threshold for the scatter density estimation. The structures of the facade are then identified by local orientation analysis or K-means clustering. Next, the segmentation of the roof points and the ground points are carried out to complete the 3-D reconstructions. VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ However, the facade extraction relies highly on the threshold. Moreover, the accuracy of the facade location is guaranteed only for the sharp decays of the point density away from the facade region in the ground-azimuth plane. This method fails when the scatter density varies slowly around the facade region. This situation appears when the building is low or the variance of the points distribution in the elevation direction is large. The latter case always appears when the SNR of the SAR system is low. Curve model [13] also shows disadvantages in detecting low buildings.
In this paper, we come up with a novel way to solve the issue mentioned above. Multiple-bounce based features of buildings are incorporated. The main contribution of this paper are listed as follows. 1) A general multiple-bounce scattering model is proposed. The multiple-bounce based feature of buildings are then be analyzed according to this model.
2) An algorithm of the reconstruction of buildings is proposed to incorporate the multiple-bounce based feature.
3) Experiments are carried out to compare our algorthm with multiple-bounce features with previous method. The experiments shows the effectiveness of our method.
The paper is organized as follows. In Section II, a general quantitative model of multiple-bounce scattering between target is proposed. Then the model is applied to analyze the multiple-bounce feature of buildings in Section III. In Section IV, a new multiple-bounce based algorthm is proposed to the reconstruction of buildings from the point clouds generated by SAR tomography. Experiments are carried out in Section V to show the advantages of our method.
II. GENERAL MODELS OF MULTIPLE-BOUNCE SCATTERING BASED ON ELECTROMAGNETIC SCATTERING
The scenarios observed are treated as a set of point targets according to the traditional SAR imaging. According to the imaging model of SAR, each point target in the scenarios will be placed at a certain coordinate in the coordinate system of range-azimuth. The position in the range direction depends on the delay of the FM pulse during the fast time. Thus, every path from the target is treated as a single-bounce scattering leading the ghosts in the image. Placing these ghosts to the right places where they should be is a useful task to make good use of these extra energies instead of suppression.
Consider a two-dimensional casame is true for the other pathsame is true for the other pathn Fig1(a). The incident field is E 0 assuming to be a spherical wave. Target A is in the far zone the size of which assumes to be much smaller compared with the distance between the target and the transmitter. Far zone assumption can be applied here. Target A is surrounded by a surface S A . The scattering field is surrounded by S. According to the principle of Huygens and the scalar diffraction theory [15] , the scattering field E S (ρ) induced by target A can be represented as, where E(ρ) represents the total field and G(ρ , ρ 1 ) means the Green function in free space. The total field can be represented as the summation of the incident field and the scattering field. When surface S goes infinite, (1) can be represented as
where E s (ρ) and E 0 (ρ ) represent the scattering field and the incident field respectively. It is difficult to give an analytic solution of the scattering field. A series expansion is used here to give a proper approximation to the solution.
where the k+1th scattering field E s k+1 (ρ) is induced by the kth scattering field recursively. The energy declines as k increases.
Further discussion about the scattering field with multiple targets is considered. Similar expansion can be used to simplify the solution of the scattering field. Multiple-bounce scattering is proved to be components of the series expansion according to (3)- (4). Consider a simple circumstance of two targets A and B as shown in Fig1(b). According to the principle of superposition, the scattering field of A and B can be represented as,
Because of the linear properties of SAR model, the echo from the target is treated as a linear response to the backscattering coefficient of the target. Thus, (7), (8) can be approximated as follows.
where F A and F B represent the surface integral of A and B respectively. Thus, E As k+1 (ρ), E Bs k+1 (ρ) can be treated as multiple-bounce scattering between A and B as follows.
According to (14) , the path of E Bs k+1 (ρ 2 ) can be represented
→ R) if k is an odd number and
an abbreviation to the several alternating F A , F B or A, B.
III. MULTIPLE-BOUNCE SCATTERING OF BUILDING STRUCTURES IN SINGLE-PASS MODE
In this part, the model we mentioned in the above section is applied to illustrate some phenomena appearing in the 3-D reconstruction of SAR tomography in urban areas quantitatively. According to the geometric relationship of SAR, echoes to the receiver are treated as single-bounce returning from the target. The position of its pulse response of the point target is proportional to the range delay between the transmitting pulse and the receiving pulse. Thus, the position also indicates the distance between the transmitter and the target considering single-bounce scattering only. According to the model proposed in part A, the position of the response caused by multiple-bounce form ghosts in traditional SAR processing. The facade of a building and the ground in front of it forms a dihedral corner structure as a typical structure in urban areas. There are two typical modes of multiple-bounce scattering based on the structure of the dihedral corner as shown in Fig2, Fig3. The point clouds of the experiments in the next section will show some phenomena caused by these two modes of multiple-bounce scattering. The distribution of the energies caused by multiple-bounce matches the model proposed in part A. These extra energies carried by multiple-bounce scattering give supplements of the characteristics of the targets making a better inversion to the scenarios.
According to (13) and (14), multiple bounce scattering of between building facade and the ground in front of the building can be modeled as an alternating bounce between them as shown in Fig2 and Fig3. Fig2 illustrates the geometric relationship of the two-bounce scattering between building and ground. According to our model, E S 1 s 2 represented in the blue line is one of the two responses of two-bounce scattering in Fig3, whose path is T → S 2 → S 1 → R and E S 2 s 2 in the red line is the other whose path is T → S 1 → S 2 → R. According to the geometrical relationship shown in Fig2(b), two-bounce scattering between the ground and the facade which satisfies x 2 + y 2 − ysinθ + xcosθ = 0 falls into the same range cell. Let R 1 (l k ) and R 2 (l k ) be the lengths of T → S 2 → S 1 → R and T → S 1 → S 2 → R. They can be represented as
The total scattering field casued by two-bounce scattering should sum up all the paths as follows, supposing that the transmit wave is Ae jψ , where E 1 represents the receiving signal caused by two-bounce scattering from the ground to the facade. The same is true for the other path. And two path sums up leading the result (18).
where E 2 represents the two-bounce scattering from the facade to the ground. Thus, two-bounce scattering at the range slot where the base corner of the building belonging to is the summation of ) shows [14] . 
Conclusions can be inferred that these two three-bounce scattering can be seen as the back-scattering from S and S according to the SAR model. Considering the scattering field in the far zone, the three-bounce scattering can be represented as
Suppose that the positions of S 1 and S 2 satisfy x 2 + y 2 − ysinθ + xcosθ = 0 and x 2 + y 2 − y sinθ + x cosθ = 0. According to the geometry of multi-baseline SAR tomography, let R 1 (l k ) and R 2 (l k ) represent the two paths respectively.
Taylor expansion is used here to the first derivative, (22) can be approximated as,
From (23), it seems like a point target whose slant range is r + x cosθ − x cosθ and the position of which in the elevation direction is x sinθ. Let R (l k ) represents the slant range of S whose coordinate is (0, −y ).
According to (23) (24), R (l k ) = R 1 (l k ) can be inferred. The same is true for the other path.
So this three-bounce scattering can be seen as a response of the point target whose slant range is r + y sinθ − y sinθ and the position of which in the elevation direction is −y cosθ. The same is true for R(l k ) = R 2 (l k ). Thus, conclusion can be made that both two three-bounce scattering can be treated as certain single-bounce scattering at specific positions. According to the geometry of tomographic SAR and [15] , the positions of these three-bounce scattering between the facade of a building and the ground in front of it form two straight lines as shown in Fig4. One is parallel to facade of the building, the other is parallel to the ground. The lines in yellow represent the roof, the facade and the ground in front of the building. Lines forming in the blue circle are caused by three-bounce scattering between the building and the ground in front of it.
Experimental results in the next section show these phenomena quantitatively and the model we proposed thus be validated.
IV. FEATURE EXTRACTION BASED ON MULTIPLE-BOUNCE SCATTERING
According to the geometrical relationship and the layover model, Fig4 illustrates the distribution of the point clouds of a building. The roof points and the ground points form two lines that are parallel along the range direction. The facade points together with the roof points and the ground points form a shape like a reversed 'Z'. The points caused by multipath scattering at the base angle of the building corner share the same slant ranges with the vertex of the building corner while they are separated symmetrically and VOLUME 7, 2019 compactly into two groups along the elevation direction [15] . The distribution of the points caused by three-bounce scattering form in two lines in the range-elevation plane. One places on the extension of the facade. The other lies in the extension of ground points. According to these specific quantitative multiple-bounce based feature, an automatic facade extraction algorithm is proposed. First, an appropriate threshold in the elevation direction should be chosen to locate the ground points. Then, hough transform is applied to locate the lines formed three-bounce scattering. Then, clustering center detection is applied to detect the scattering point formed by two-bounce scattering. Finally, according to the geometrical model shown in Fig4, the facade can be extracted. Fig5 shows the proposed algorithm for this automatic feature extraction.
Even with a relatively high resolution in the elevation direction when compressed sensing method is applied, it is difficult to distinguish the facade points and the ground points near the vertex of the base angle because of the lack of resolutions. Thus, extracting facade points based on the scattering density estimation is rather difficult for low buildings or buildings with low SNR as the points density varies slowly in a wide region. So it is hard to locate the position of the facade. However, it may be easy to extract points caused by multiple-bounce scattering since these points always lie in the place away from the points caused by backscattering as Fig4 shows. Our algorithm also shows the effectiveness in this circumstance. Experiments are carried out to validate our model and algorithm in the next section.
V. EXPERIMENTS
Based on the geometry of SAR tomography, we treat the facade of a building and the ground in front of it as a dihedral structure with right angle. To validate our model, the 3-D point clouds generated by our airborne system are applied. The single-pass multi-baseline InSAR system was developed by IECAS in 2014, usually installed onboard a Y-12 aircraft. The system is working in the side-look mode. The radar system operates at 15 GHz (Ku-band), and has 8-channels in the cross-track direction. Table 1 and Table 2 show the parameters of the two experimental situations. The prediction height in the table is predicted by the recontruction result. The predicted heights well match the truth values. Fig6 illustrates the geometric relationship of our airborne system. The distance between the adjacent channels is 0.8m. The off-nadir angle is 30 degree. As a multi-baseline system, the single-pass multi-baseline SAR tomography system can obtain 3-D images of the observed scene in a single-pass platform. The test area covers nine high-rise buildings in the of our airborne system, the unambiguous distance can be represented as
According to the theorem of Nyquist Sampling, the spectrum overlaps in the period of ρ. Thus, the point clouds of the buildings whose heights are taller than 40m are cut into two pieces as shown in dot line. Table1 and Table 2 show that the extraction based on our method is quantitatively effective since the height of each building determined by its facade is around the true value. We match the scattering density of each point to its reconstruted geometric form to form the optical patches as shown in Fig10.
We also compare curve model, density-based model and ours for the reconstructions of the low buildings. Fig11 shows the optical image of the testing building with a high building of 30m's height and a low building of 5m's height inside. Fig12, Fig13 show the results respectively. Density-based method locates the high building but fail to detect the low building in front of it as shown in Fig12. Moreover, no scattering information is presented since density-based method only uses the positions of the point clouds. As for curve models, The bottom figure of Fig13 shows its optical patch result for the testing area. The small building in front of the high building can not be detected either. The top figure of Fig13 is the result based on our method. The low building in front of the high building can thus be detected and extracted. The height of the low building is 5.5m predicted by our method. The height of the high building is 30.5m according to our model. The results match the real height.
VI. CONCLUSION
The distribution of the energies caused by multiple-bounce scattering indicates the information of the target. Making full use of these extra energies will provide richer information of the scenarios. According to analysis in this paper, the distribution of multiple-bounce scattering can not be solved totally in the limit of observation. However, based on the structure of the target, some multiple-bounce scattering can be solved such as two-bounce scattering, three-bounce scattering of dihedral corner structure. A quantitative model of multiple-bounce scattering is proposed in this paper. Multiple-bounce scattering of dihedral corner structure is mainly discussed in this paper, since this is a typical structure in urban areas.
In this paper, a novel algorithm for extracting building facade generated by Tomo-SAR is proposed. Extra features caused by multiple-bounce scattering are applied to the specific buildings. The proposed algorithm shows the effectiveness when the building is relatively low and the variance of the facade points is large. This shows the advantage of our method compared with density based extraction method.
However, in this paper, only the structure of dihedral corner with right angle is considered. Other structures such as cylinder and sphere which are also typical structures in the urban areas are not involved. Energies of multiple-bounce to the receiver are modified by multiple targets and a reasonable distribution of these energies to each target need to be discussed in the future work. Moreover, much work will be carried on to extend our model to other typical structures. 
